In higher plants carbon is partitioned from organs that fix CO 2 or store long-term carbohydrate reserves (source organs) to those organs or plant parts that require imported carbon for growth and maintenance (sink organs). Virtually all organs act as sinks at some time or another during their development. For example, roots and young leaves of tomato were shown to compete more effectively for assimilates than flowers; however, when tomatoes began to fruit, the fruit were stronger sinks than either roots or young leaves (Bravdo et al., 1977; Ho, 1984) . The competitiveness of a particular organ or tissue as a sink is related to the number of cells in the organ and its physiological state, and is therefore a consequence of both genetic determination and environmental influences (Ho, 1988) .
Although flowers and fruit are usually regarded as sink organs, some are theoretically capable of limited photosynthesis from early development up to the onset of maturity. For example, the chlorophyll content of petunia (Petunia hybrida L.) corollas increased during development to a maximum just before anthesis, and chloroplasts isolated from corollas after anthesis were capable of carrying out light-induced electron transport, although at onethird the rate of green leaves (Weiss et al., 1989) . In another study chloroplasts from red-pigmented corollas, bracts and leaves of several different plants demonstrated Hill reaction activity that was as high or higher on a per chlorophyll basis than chloroplasts from green leaves (Sharma, 1980) . Similarly, studies of carbon assimilation in fruit and flowers indicate that these organs can refix respired CO 2 (Bazazz et al., 1979; Hedley et al., 1975; Pavel and DeJong, 1993; Quebedeaux and Chollet, 1975; Vu et al., 1985; reviewed in Blanke and Lenz, 1989 ) and in at least one case contribute to net photosynthesis (Flinn et al., 1977) .
Floral organs are considered to be modified leaves based on their developmental origin and morphology. In 'Violet' Japanese morning glory, pairwise comparisons of polypeptide profiles from aerial organs have indicated that sepals more closely resemble leaves than other floral organs (Bassett et al., 1988) , raising a question as to whether sepals can function like leaves by carrying out limited photosynthesis. Several factors, including ribulose 1,5 bisphosphate levels, and the activation status and concentration of rubisco can limit photosynthesis (reviewed in Woodrow and Berry, 1988) . Therefore, the observed low abundance of this enzyme in nonleaf tissues may be a key factor limiting their photosynthetic capability. To explore this question further, the relative abundance of the large subunit (LSU) of rubisco, EC4.1.1.39, the catalytically active subunit of the primary CO 2 fixation enzyme in plants, was determined qualitatively and quantitatively in various aerial organs to estimate the functional limit contribution of each organ to carbon fixation.
Materials and Methods

GROWTH AND COLLECTION OF PLANT MATERIAL.
Plants were grown in growth chambers under the conditions described by Bassett et al. (1988) . Briefly, sulfuric acid-treated seeds were germinated overnight and subsequently planted in artificial soil (day 1). Seedlings were grown under continuous light (190 µmol·m -2 ·s -1 PAR) at 25 °C. Flowers were induced by subjecting 4-d-old plants to a single short-day (16 h dark). After the dark inductive period, plants were maintained under long days (16 h light/8 h dark). Tissues were collected from 10 plants, pooled and immediately frozen in liquid nitrogen for storage at -80 °C. Ten fully expanded, mature leaves, 20 cotyledons and 50 flowers were sampled 29 to 31 d after planting. Whorls of floral organs were dissected from flowers and pooled. Stems were taken from 29-d-old plants in regions where purple pigmentation was fully developed (mature stems). In 'Violet', cotyledons persist until ≈50 d from planting at which time they begin to show signs of senescence.
ISOLATION AND CHARACTERIZATION OF PROTEINS. SDS-extractable proteins were prepared from each tissue as previously described (Bassett et al., 1991) keeping the ratio of fresh weight:volume extraction buffer the same for each tissue. Polypeptides were separated by nonequilibrium pH gradient electrophoresis [NEPHGE] using standard protocol for the first dimension (O'Farrell, 1975) with modifications previously described (Bassett et al., 1988) . Gels were run for 3200 V·h -1 in the first dimension generating a linear gradient from pH 4 to 10. Polypeptides were separated in the second dimension by SDS-polyacrylamide gel electrophoresis [SDS-PAGE] (Laemmli, 1980 ) through a 12.5% polyacrylamide slab gel. Polypeptides were visualized by silver staining according to Oakley et al. (1980) . The LSU of rubisco was identified by its distinctive pI (Johal and Chollet, 1983) , size (Gray and Kekwick, 1974) , and comigration with purified maize (Zea mays L.) LSU (a gift from Bonnie J. Reger, USDA-ARS).
IMMUNOBLOTTING OF POLYPEPTIDES. Polypeptides separated in one dimension by SDS-PAGE were transferred to nitrocellulose filters using a vertical TransBlot cell (LKB, Switzerland) under conditions described by Cameron and Bassett (1988) . Rabbit antiserum against the LSU of rubisco from Euglena sp. (a gift of J.R.Y. Rawson, British Petroleum) was diluted 1:1000 with phosphate-buffered saline (10 mM Na 3 PO 4 and 140 mM NaCl) and bound to polypeptides transferred to nitrocellulose filters previously blocked with 1% bovine serum albumin. Primary antibodies were reacted with goat antirabbit alkaline phosphatase conjugate (Sigma Chemical Co., St., Louis, Mo.), and visualized by staining for alkaline phosphatase activity (Blake et al., 1984) . The antibody was checked for specificity by comparison to a preimmune serum control and for cross-reactivity against purified rubisco from maize. Patterns of LSU expression were corroborated using antichalcone synthase (anti-CHS) to examine expression of CHS on blots of the same tissues reported here (manuscript in press). Since CHS is expressed predominantly in floral reproductive organs, its expression in organs where LSU levels were low confirmed the integrity of the protein preparations and methodologies. To quantitate the LSU, band widths from the stained filters were measured under a dissecting microscope with an attached micrometer. As a check on quantitative transfer of LSU, extracts from various organs were mixed in different proportions, separated in gels and transferred to filters. Band widths of the LSU from the organ mixtures were additive as expected (data not shown).
Results and Discussion
Photosynthesis is the sum total of two highly integrated processes, i.e., light-activated electron transport and CO 2 assimilation. In photosynthetically competent leaves the rate of CO 2 assimilation is limited by the supply of ribulose 1,5 bisphosphate under conditions of low irradiance and high CO 2 partial pressure (Laisk and Oya, 1974) . However, under high light intensities and ambient or lower CO 2 partial pressures, rubisco is the primary limitation to photosynthesis (von Cammerer and Edmondson, 1986) . Therefore, regulation of photosynthesis in saturating light depends on the amount and activation status of rubisco.
Although leaves are the primary sites of photosynthesis, other organs such as flowers (Bazazz et al., 1979; Vu et al., 1985) and young fruit (Hedley et al., 1975; Pavel and DeJong, 1993; Quebedeaux and Chollet, 1975; reviewed by Blanke and Lenz, 1989) can carry out this process. However, in most cases the CO 2 exchange data reflect refixation of respiratory CO 2 , rather than net photosynthesis (Hedley et al., 1975; Quebedeaux and Chollet, 1975) . One exception is the reported net photosynthesis of young pea pods, where measurements indicated a rate of photosynthesis of 10% that of mature leaves (Flinn et al., 1977) .
Studies of photosynthesis conducted on flowers have demonstrated the ability of corollas to carry out aspects of the light reactions (Sharma, 1980; Weiss et al. 1989) . However, few studies have demonstrated CO 2 assimilation by flowers or specific floral parts. In one such study, Vu et al. (1985) measured the activity of rubisco in extracts of 'Valencia' orange flowers at three developmental stages and compared these activities to leaves. In all stages tested the activity of rubisco in flowers was ≈10% or less than that of mature leaves. Despite the relatively low activity of rubisco in these flowers, analysis of 14 C-labeled photosynthetic products indicated a high (≈50% of compounds examined) incorporation into neutral sugars in the light. However, since the ratio of phosphoenolpyruvate carboxylase (PEPCase) activity to rubisco for all flower stages was significantly higher than in leaves, these results taken together, like those of developing fruit, probably reflect refixation of respired CO 2 rather than net incorporation.
In the examples cited above, the ability to fix carbon is primarily limited by low levels and/or activity of rubisco, since activities in developing flowers, seed pods and fruit ranged from only 3% to 10% those of mature leaves (Hedley et al., 1975; Quebedeaux and Chollet, 1975; Vu et al., 1985) . Similarly, examination of SDSextractable proteins from different organs of morning glory 'Violet' separated by NEPHGE indicated that the LSU was least abundant in corollas, androecia and gynoecia (Fig. 1, arrows) . In contrast, stems and sepals appeared to have considerable levels of rubisco. When protein extracts from developing cotyledons were examined in 2-D gels, significant accumulation of the LSU was also observed as the cotyledons became photosynthetically competent (Bassett et al., 1991) .
To quantify the LSU further, SDS-extracted proteins were immunoblotted with antiserum directed against the LSU of rubisco, and band widths were determined for the LSU in increasing amounts of protein extract from photosynthetically competent leaves and cotyledons. A linear relationship between LSU band width and protein concentration (r 2 = 0.98) was obtained over the range of total protein examined (Fig. 2 , Cot and Lvs). When equal amounts of total protein from the various organs were compared (Fig. 2, right panel) , LSU was most abundant in leaves, sepals and stems compared to the inner whorls of the flower. Based on the linear relationship of LSU band width to increasing protein concentration, the relative amounts of LSU were computed for each organ and expressed as percent of LSU in leaf (Fig. 3) . These results confirmed relative differences seen in the NEPHGE profiles and indicated that significant levels of LSU were present in both cotyledons (vegetative/storage organ) and sepals (floral). Even mature stems contained nearly 50% of leaf levels of LSU, whereas the innermost, mature floral whorls expressed 12% or less compared to leaves.
In a recent study, correlation of rubisco activity and concentration with CO 2 assimilation was determined in transgenic tobacco (Nicotiana tabacum L.) containing antisense rubisco small subunit (Hudson et al., 1992) . Rubisco activity in 10 independent transformants averaged 18% of control values, while the average amount of rubisco was estimated at 30% of the control. This reduction in rubisco level and activity in the transgenic plants resulted in a CO 2 assimilation rate for the transgenic plants that was 37% of control values. Furthermore, CO 2 assimilation measured in the transgenic plants at high irradiance over a wide range of CO 2 partial pressures was essentially linear, indicating that rubisco, not ribulose 1,5 bisphosphate concentration, was rate limiting for CO 2 fixation. Examination of the range of rubisco activities seen in individual control plants compared to their CO 2 assimilation rates, suggests that rubisco activities as low as 70% of maximum are sufficient for optimal rates of CO 2 assimilation (Hudson et al., 1992) .
Rubisco levels in the corollas and reproductive structures of morning glory measured as a function of the LSU were similar to activity measurements in citrus flower buds (Vu et al., 1985 ) , and lower than the average transgenic tobacco rubisco activity cited above. Such a large reduction in LSU (12% or less than leaf) indicates that mature flower parts are severely limited in their capacity for photosynthesis. While rubisco levels in stems approached 50% of those in leaves, it is doubtful as to whether these levels are sufficient to maintain significant rates of CO 2 assimilation. In contrast, LSU levels in sepals were 74% of those in mature leaves, raising the possibility that these more leaf-like organs may indeed function photosynthetically like leaves. These levels are close to those of mature cotyledons (81% of leaf) which have been reported capable of photosynthesis in morning glory (Marushige and Marushige, 1966) . At least with regard to sepals, levels of rubisco may not be rate limiting for photosynthesis, and further experiments to examine net photosynthesis in sepals must be conducted to determine if they can contribute photosynthetically to developing flowers.
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